Introduction stranded DNA molecule is attached at one end via multiple digoxigenin groups to an anti-digoxigenin-coated The recent discovery of the SMC (structural mainteglass surface. The other end of the molecule is attached nance of chromosomes) family of proteins has opened via multiple biotin groups to a ‫1ف‬ m diameter streptavinumerous avenues of research into the relationship din-coated magnetic bead [17] . The position of the magbetween the structure and function of mitotic chromonetic bead above the surface is measured in real-time somes [1-3]. SMC proteins can be found in the five-(30 Hz) by using videomicroscopy, allowing us to detersubunit complex termed condensin, which has been mine the end-to-end extension, l, of the DNA to within identified as an ATPase required for the proper formaabout 10 nm with ‫1ف‬ s averaging. A pair of magnets tion of compact mitotic chromosomes. Condensin I is located above the surface is used to torsionally concomposed of two SMC subunits, which have two long, strain and mechanically stretch the tethered DNA by coiled-coil arms (each ‫05ف‬ bead to rotate by n turns in lock-step register, giving us rapid, yet reversible, compaction of the DNA molecule ( Figure 2A) . Indeed, the entire 11 kb of DNA could be quantitative control over the DNA's degree of supercoiling, . The degree of supercoiling of the DNA is calcufully compacted within tens of seconds (for a rate on the order of 1 kb/s). It is interesting to note that at lated as ϭ n/Lk 0 , where Lk 0 is the DNA's natural linking number [17, 18] . least initially, the reverse (decompaction) process could also be just as rapid. However at later time points (e.g., In Figure 1B we present a calibration curve relating the extension, l, of an 11 kb DNA molecule to the number 1500 s) the compaction process dominated and decompaction became slower and did not proceed to compleof magnet rotations, n. The stretching force is held constant throughout (F ϭ 0.4 pN). This calibration curve tion. These results were obtained using unnicked DNA, and similar results were obtained by using nicked DNA allows us to relate DNA extension to its topological state and subsequently analyze in real-time the topological (data not shown). When the same experiment was repeated in the abnature of protein-DNA interactions [19, 20] . The DNA's extension is maximal when it is torsionally relaxed sence of ATP, no such rapid compaction was observed (Figures 2B and S2a). Replacement of ATP with AMP-( ϭ 0), and positively or negatively twisting the molecule at this (low) force induces the formation of interwound PNP also resulted in no compaction of DNA ( Figure  2C ). Moreover, we found that the DNA compaction we loops (plectonemes or writhe) along the DNA, thus reducing the DNA end-to-end extension. When condensin observed was dependent on the cell-cycle state of the extract from which condensin was purified. When the drives DNA compaction, we expect the DNA's extension, l, to decrease. The extent of compaction observed experiment was performed by using condensin immunopurified from interphase egg extracts Observing Interactions between a Single, Functional Unit of Condensin and DNA The condensin:DNA ratio in the preceding experiments was chosen to be very high so as to ensure that if DNA compaction was possible, it would be rapid, reliable, and robust. Thus it is likely that the rapid compaction we observe in such conditions is due to the action of many condensin complexes acting on the nanomanipulated DNA. In an attempt to detect the interaction between a single functional unit of condensin and the nanomanipulated DNA, we tried to titrate the protein concentration down to a level where discrete interaction events (such as compaction steps or compaction bursts) could be observed. These attempts were unsuccesful, as even small (e.g., 50%) decreases in protein concentration completely eliminated DNA compaction (data not shown). This is in stark contrast to the ease with which the activity of other DNA processing proteins such as topoisomerases [19] and polymerases [20] can be titrated. This leads us to suggest that the DNA compaction process we observe may involve cooperative interactions between condensin complexes to aid in the recruitment of condensin to DNA, as has been sug- Based on the analysis of a few hundred experimental formed by incubating the DNA with ATP and condensin at a concentration equal to that which would remain time traces, we constructed a histogram of compaction and decompaction step sizes ( Figure 3B ). The distribuin solution after the wash step (i.e., diluted 20-fold to ‫001ف‬ pM) and found that essentially no compaction took tion of step sizes is quite broad, ranging from tens of nanometres to more than 100 nm, and displays a peak place ( Figure S2C) . Thus, the rapid onset of compaction observed in the initial experiment is likely due to the at about 60 nm. The mean step size is 80 Ϯ 40 nm (SD), but the breadth and skewed aspect of the distribution condensin molecules that bound to the DNA during the first incubation period in the absence of ATP.
suggest that these parameters are not extremely useful in characterizing the compaction process. It is interestFinally, we note that when the wash volume and wash duration were doubled (3 ml in 20 min), subsequent ing to note, however, that the ‫06ف‬ nm reduction in DNA end-to-end extension is very close to the amount of addition of ATP to the sample did not reliably lead to DNA compaction (data not shown). This suggests that DNA observed by electron spectroscopic imaging (ESI) (Figure 2A) . Consistent with this interpretation is the observation that the process is strongly biased toward compaction reaction, the above experiment was re-technique takes place independently of DNA supercoiling. This was somewhat unexpected, as bulk biochemistry has suggested that mitotic condensin can use ATP hydrolysis to introduce positive gyres in the proteinassociated region of DNA and compensatory negative supercoils in the protein-free region of DNA [11] . It is possible that the different assays detect different aspects of condensin activities. For instance, it is possible that the topological changes observed in DNA by bulk experiments only occur during the phase of rapid largescale compaction, which does not take place in the presence of competitor DNA and where we cannot measure distributions of compaction step-sizes. In this context such topological changes could result from chiral protein-protein interactions. Alternatively, if condensin binding to two DNA segments causes the intervening DNA to be trapped in an insulated topological domain, then the single-molecule assay will not detect supercoil formation within this domain. Note that the formation of such a domain would not affect bulk measurements, as all protein is removed from DNA prior to measurements in such assays. Despite these differences, it is intriguing to find that the step-size distribution of compaction detected with the (Figures 2A and S2B) is unclear assays agree with the conclusion that condensin can because we are not able to detect discrete compaction bind to DNA in the absence of ATP [11] . Importantly, steps in the latter case. however, the nanomanipulation experiment shows that We observed that condensin could compact DNA dethis mode of interaction between condensin and DNA spite a low opposing force (F ϭ 0.4 pN) but that a higher does not lead to significant DNA compaction and that force (F ϭ 10 pN) induced disruption of condensin-DNA large changes in DNA extension are observed only in complexes. It is interesting to note that a significant the presence of hydrolyzable ATP. Likewise, previous portion of the observed step-wise decompaction events topological assays showed that condensin requires ATP covered large distances ranging up to several hundreds hydrolysis to induce the conformational changes in DNA of nanometers. This is to be compared to the long axis [11] [12] [13] . Moreover, the supercoiling/knotting activities of condensin, expected to measure on the order of only were detected only with the mitotic form of condensin, 100 nm. A likely explanation for decompaction steps but not with its interphase form [7, 12]. The same was larger than the protein involves the stabilization of large observed in the current assay, leading us to believe that loops along the DNA. This is consistent with AFM obserthe physical compaction we observe is in some way vations of condensin-DNA complexes [5]. related to the activity that condensin displays in bulk.
The current results allow us to propose a hypothetical When competitor DNA is added to observe discrete model for the action of condensin. In this model, coninteraction between condensin and the nanomanipudensin has the potential to bind DNA in an ATP-indepenlated DNA, we observe similar behavior whether the dent fashion. 
